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Nephron Exp Nephrol 2009;111:e61-e66 e62 face receptors and extracellular matrix proteins mediating specific cellular responses including the regulation of TGF-␤ activity. The various biological activities of TSP-1 relate to specific domains of the complex molecule including an aminoterminal heparan binding region, a procollagen-like region with intermolecular disulfide bonds, 3 properdin-like type 1 repeats, 3 epidermalgrowth-factor-like type 2 repeats, a calcium-sensitive type 3 repeat and a C-terminal globular domain. Multiple receptors such as heparan sulfate, calreticulin, lipoprotein-receptor-related protein, CD36, ␣ v ␤ 3-integrin, CD47 as well as specific peptide sequences such as the TGF-␤ -activating sequence RFK have been identified to be responsible for certain actions. Typically, these TSP-1 or TSP-2 null mice need to be exposed to specific stresses/ injuries to reveal their phenotypes.
In this article, the possible involvement of TSP-1/2 in experimental renal disease is discussed, while almost no information is available regarding expression and role of TSP-3 to TSP-5 in kidney disease.
TSP in Glomerulonephritis
In the normal, healthy renal cortex, TSP-1 is hardly expressed. During human and experimental glomerulonephritis characterized by inflammatory changes in glomerular capillaries with cellular injury and progressive extracellular matrix accumulation, TSP-1 is transiently highly expressed at sites of injury and inflammation by a large variety of endogenous renal and inflammatory cell types.
Lack or blockade of TSP-1 is in general beneficial for the time course of experimental glomerulonephritis as indicated by several studies in rodents.
Hochegger et al. [3] compared the time course of TSP-1 null with wild-type mice in the autologous phase of an accelerated model of anti-glomerular-basement-membrane (GBM) nephritis. Twenty-one days after disease induction, TSP-1 null mice demonstrated decreased proteinuria, serum creatinine levels as well as improved renal histology. Hereby, histological disease indices such as crescent formation, fibrin deposition, influx of inflammatory cells such as macrophages and T lymphocytes were reduced in TSP-1 null versus wild-type mice suggesting a proinflammatory effect of TSP-1 in this renal disease model. The specific mechanism of how TSP-1 mediates these effects remains unclear.
Our group investigated the role of TSP-1 in a rat model of complement-mediated mesangial proliferative glomerulonephritis induced via injection of an antibody against the Thy1 antigen on mesangial cells, the antiThy1 model. This model mimics typical features of human mesangial proliferative glomerulonephritis, the most common glomerulonephritis in the western world. In this model, TSP-1 as well as its potential interacting partner protein TGF-␤ are transiently upregulated during disease. The role of TGF-␤ as a major profibrotic cytokine in various fibrotic diseases in multiple organ systems as well as in the anti-Thy1 model has been well established [4] . While these studies suggest great benefit from suppression of TGF-␤ function in fibrotic kidney disease, TGF-␤ 1 null mice die a few weeks after birth from a severe generalized inflammatory response demonstrating that complete suppression of TGF-␤ function must not be a therapeutic goal in treating inflammatory kidney disease [5] . Therefore, accurate regulation of TGF-␤ function seems to be critical for the health of mammals, and any anti-TGF-␤ 1 therapeutic approach should try to target the local overproduction (and function) of TGF-␤ as specifically as possible. One possibility to approach this goal could be by controlling the activation process of locally produced TGF-␤ .
TSP and TGF-␤ Activation
TGF-␤ is secreted by most cell types as a latent, inactive procytokine complex that consists of the mature, active TGF-␤ protein, which is noncovalently bound to a dimer of its N-terminal propeptide, the so-called latencyassociated protein (LAP), and variably to a latent TGF-␤ -binding protein [5] . The mature TGF-␤ protein has to be extracellularly released from this procytokine complex to be able to interact with its receptors. Among various players/mechanisms such as pH changes, gamma irradiation, reactive oxygen species, plasmin, calpain or cathepsin, recent data have suggested TSP-1 as an activator of TGF-␤ 1 in vitro in different cell systems as well as in cellfree systems [6, 7] ( fig. 1 ). It has been demonstrated that TSP-1 forms a trimolecular complex with the TGF-␤ procytokine complex by interacting with the mature TGF-␤ protein as well as the LAP. Hereby, the hexapeptide GGWSXW from the type 1 repeat of the TSP-1 molecule is required for TSP-1 binding to the mature TGF-␤ protein via its VLAL site [8] . This now allows the molecular interaction of the KRFK amino acid sequence of the TSP-1 molecule with the N-terminal LSKL sequence of the LAP [7, 9] . It is the RKPK sequence of the mature TGF-␤ that is required for binding to the LSKL sequence of the LAP [8] . TSP-1, KRFK peptides, but also RKPK peptides have been shown to activate latent TGF-␤ , presumably by disrupting interactions between LAP and mature TGF-␤ , while TSP-2 (binding also to the mature TGF-␤ protein via its GGWSXW sequence but lacking the KRFK region for activation) and both, the hexapeptide GGWSXW and the LSKL peptide, are able to block activation of TGF-␤ by TSP-1 [7, 9] .
To evaluate whether TSP-1 is an endogenous activator of TGF-␤ in vivo in the anti-Thy1 model, we demonstrated specific inhibition of TGF-␤ activation using two independent methods targeting interactions of TSP-1 or TSP-1 with TGF-␤ in vivo, first by renal arterial transfer of antisense phosphorothioate oligodeoxynucleotide against TSP-1 into glomeruli and second by continuous intravenous infusion of specific peptides interfering with the activation of TGF-␤ by TSP-1 (GGWSXW or LSKL as indicated above) compared to appropriate controls [10, 11] . In these studies, successfully treated rats showed a decrease in glomerular TGF-␤ activity and/or TGF-␤ receptor signaling as well as glomerular extracellular matrix accumulation as assessed by trichrome, collagen I, IV, and fibronectin staining and proteinuria, but no change regarding glomerular cell proliferation, cell death or macrophage accumulation compared to control rats. These were the first studies demonstrating that TSP-1 is an endogenous activator of TGF-␤ but did not act as an endogenous angiogenesis inhibitor (no effect on endothelial proliferation in both experiments) in vivo in experimental renal disease. In contrast, therapeutic treatment with peptides derived from the antiangiogenic sequence of the TSP-1 molecule decreased glomerular endothelial and mesangial cell proliferation as well as proteinuria in the anti-Thy1 model [12] .
TSP-2 in Renal Inflammation and Angiogenesis
In contrast to TSP-1, TSP-2 could be identified as an endogenous antiangiogenic, but not as a TGF-␤ -activityregulating factor in renal disease, comparing TSP-2 null with wild-type mice in an anti-GBM nephritis model [13] . Similar to TSP-1, TSP-2 protein was hardly detectable within the renal cortex of normal control wild-type mice but was clearly upregulated during anti-GBM disease. Contrary to TSP-1, TSP-2 deficiency led to an accelerated and enhanced inflammatory response, as indicated by the influx of T lymphocytes and monocytes/macrophages, as well as glomerular fibrin deposition and a matrix-remodeling response as indicated by collagen I and IV staining, and by the proliferative response within the renal interstitium. The markedly accelerated and enhanced proliferative response of the renal peritubular endothelium led to improved reversal of capillary rarefaction in TSP-2 null mice, while interstitial cell death was equivalent to wild-type mice. These changes were accompanied by increased matrix metalloproteinase 2 activity but not by increased TGF-␤ activity in the TSP-2 null mice.
TSP-1 in Diabetic Nephropathy
Diabetic nephropathy is the most common disease leading to renal replacement therapy in the western world and is also associated with increased production and activity of TGF-␤ [5] . Experimental studies showed that many features of diabetes nephropathy such as hypertrophy and hyperfiltration, matrix accumulation, GBM thickening and podocyte loss are dependent on TGF-␤ [14] . In vitro studies using cultured mesangial cells demonstrated that under high glucose conditions, TGF-␤ ac- is required for TSP-1 binding to the mature TGF-␤ protein via its VLAL site (dotted black). This now allows the molecular interaction of the KRFK amino acid sequence of the TSP-1 (black) molecule with the N-terminal LSKL sequence of the LAP (gray). TSP-1, KRFK peptides but also RKPK peptides have been shown to activate latent TGF-␤ , presumably by disrupting interactions between LAP and mature TGF-␤ (black arrow), while TSP-2 (light gray, binding also to the mature TGF-␤ protein via its GGWSXW sequence but lacking the KRFK region for activation) and both the hexapeptide GGWSXW and the LSKL peptide are able to block activation of TGF-␤ by TSP-1 (white blocking bar). e64 tivation is mediated via TSP-1 [15] . Hereby, TSP-1 transcription is stimulated by glucose via TSP-1 promoter binding of the nuclear protein upstream stimulatory factor 2 (USF2). Glucose-mediated USF2 accumulation is dependent on protein kinase C, p38 mitogen-activated protein kinase and extracellular signal-regulated kinase pathways. Increased NO-cGMP-dependent protein kinase activity is able to downregulate USF2 protein levels and its DNA binding activity, resulting in decreased TSP-1 transcription and TGF-␤ activity in cultured rat mesangial cells [16] . Overexpression of USF2 in cultured rat mesangial cells reverses the inhibitory effect of cGMPdependent protein kinase on glucose-induced TSP-1 transcription and TGF-␤ activity. These in vitro results are complemented by in vivo experiments using USF2 transgenic mice, which were exposed to streptozotocin-induced diabetes mellitus [17] . Overexpression of USF2 in transgenic mice accelerated several features of streptozotocin-induced diabetic nephropathy including hypertrophy, matrix accumulation and proteinuria compared to wild-type diabetic mice 15 weeks after disease induction. Hereby, USF2 transgenic mice exhibited increased USF2 expression, DNA binding activity, TSP-1 mRNA and protein levels, as well as TGF-␤ activity in diabetic glomeruli.
In contrast, in TSP-1 null compared to wild-type mice, the time course of streptozotocin-induced diabetic nephropathy is attenuated as demonstrated by a significant reduction of glomerulosclerosis, glomerular matrix accumulation, podocyte injury, renal infiltration with inflammatory cells as well as renal functional parameters [18] . In diabetic TSP-1 null mice, the amount of active TGF-␤ within glomeruli was significantly lower as indicated by staining with specific antibodies either against active TGF-␤ or the TGF-␤ -signaling molecule phosphosmad2/3 or the typical TGF-␤ target gene product plasminogen activator inhibitor 1, while the amount of glomerular total TGF-␤ remained unchanged. These results demonstrate that TSP-1 is an important activator of TGF-␤ also in diabetic nephropathy in vivo.
These experimental results may also be relevant for a potentially therapeutic strategy in human diabetic nephropathy, since TSP-1 is upregulated in kidney biopsies from patients with diabetic nephropathy and correlates spatially with TGF-␤ expression and TGF-␤ receptor signalling as indicated by phosphorylation of the signal transduction molecule smad2/3 [19] . In addition, Moczulski et al. [20] investigated the gene expression profile of blood mononuclear cells from type 1 diabetic patients with and without diabetic nephropathy using the Affymetrix microarray system. Hereby, out of 198 candidate genes (according to a Pubmed search), which were suspected of being involved in the pathogenesis of diabetic nephropathy, only cyclooxygenase 1 and TSP-1 were overexpressed in mononuclear cells from patients with diabetic nephropathy versus those without nephropathy.
TSP-1 in Acute Renal Failure
While high-glucose-mediated TSP-1 expression and TGF-␤ activation can be repressed via activation of the NO-cGMP-dependent protein kinase pathway, recent data demonstrate TSP-1 also as a physiological, potent antagonist of the vasoprotective and proangiogenic NOsoluble guanylate cyclase-cGMP pathway in platelets, vascular smooth muscle cells and endothelial cells [21] . Hereby, TSP-1 controls multiple steps in the NO-soluble guanylate cyclase-cGMP signaling cascade by acting primarily through binding to its cell receptor CD47 to limit soluble guanylate cyclase and cGMP-dependent protein kinase activation. In addition, TSP-1 signals through its receptor CD36 to inhibit this pathway by controlling the activation of the nitric oxide synthase isoform NOS3. This NO-cGMP antagonistic role of TSP-1 seems to be especially relevant for tissue survival in the situation of tissue ischemia. Animal studies demonstrated that endogenous TSP-1, via its receptor CD47, limits blood flow, vascular remodeling and tissue survival in both a fixed ischemic injury and skin grafts [21] .
Similarly, TSP-1 was found to affect tissue survival in an acute renal failure model in mice. Using an ischemia/ reperfusion model, Thakar et al. [22] found TSP-1 highly upregulated early after induction of injury (3 h) in damaged tubuli. Colocalization studies with activated caspase 3, as a marker for apoptosis, revealed that TSP-1 was predominantly expressed in cells undergoing programmed cell death. The proapoptotic effect of TSP-1 on proximal tubular cells was also supported by studies in vitro. In addition, the deleterious role of TSP-1 in ischemia/reperfusion injury was shown by comparison of kidney structure and function in wild-type mice with TSP-1 null mice [22] . Mice lacking TSP-1 showed significant protection against renal failure as demonstrated by reduced serum creatinine 24 h after model induction. Furthermore, tubular damage was reduced in injured TSP-1 null mice, as demonstrated by significant reduction in brush border loss, cell necrosis, tubular dilation, cast formation and vacuolization when compared with e65 wild-type animals. The proapoptotic function of TSP-1 in ischemia/reperfusion injury was confirmed, since tubular apoptosis was significantly lower in the TSP-1 null mice. Hereby, TSP-1 is an important mediator of injury in kidney ischemia.
Conclusion
In summary, TSP-1 and -2 are important regulators of pathophysiological changes during renal disease with similar and contrary effects ( fig. 2 ) . TSP-1 is a major activator for TGF-␤ resulting in profibrotic effects in the injured kidney. In contrast, TSP-2 can also bind the latent TGF-␤ complex but lacks the ability for its activation.
Hereby, TSP-2 can potentially act as competitive inhibitor for TSP-1-mediated TGF-␤ activation. Proapoptotic actions of TSP-1 were found during renal ischemia/reperfusion injury. While TSP-1 exerts proinflammatory actions, the currently available data for TSP-2 propose antiinflammatory effects for this molecule. Both TSPs are known angiogenesis inhibitors, which could be proved for TSP-2, but antiangiogenic effects for TSP-1 were only evident by treatment with TSP-1 peptides in renal disease. In addition, TSP-2 can inhibit cell proliferation and matrix metalloproteinase 2 activity.
Therefore, TSP-1 is a promising target for antifibrotic therapy in renal disease. Future experiments using gene therapy will clarify if TSP-2 can inhibit deleterious functions of TSP-1 in renal disease. Antiproliferative 3 Antiangiogenic 1 Fig. 2 . Known functions of TSP-1 and -2 in renal disease. The role of TSPs was investigated in different animal models for renal diseases as indicated by superscript numbers. 1 = Anti-Thy1 nephritis, a model for mesangioproliferative glomerulonephritis; 2 = streptozotocin-induced diabetes as a model for diabetic nephropathy; 3 = anti-GBM nephritis model; 4 = renal ischemia/reperfusion model. Renal antiangiogenic effects for TSP-1 were only found by pharmacological treatment with TSP-1 peptides (dotted box). MMP = Matrix metalloproteinase.
